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Abstract 
Stability and electronic properties of Ti-doped boron carbides (B13C2) were studied using the first principle 
calculations based on plane wave pseudo-potential theory. The calculated results showed that Ti atom doped in boron 
carbide was in preference to substituting C atom on the end of chain C-B-C, but it was difficult for Ti to substitute B 
atom in the center of the chain C-B-C or in the icosahedron. A representative stable structural unit containing Ti atom 
was [C-B-Ti] İ+-[B11C] İ-, while the structural unit without Ti was [C-B-C] İ--[B12] İ+. The band structure and density 
of states (DOS) indicated that the coexistence of [C-B-Ti] İ+-[B11C] İ- structural unit made electrical conductivity 
increased. As the covalent bond of Ti-B was weaker than those of B-B and B-C, the thermal conductivity decreased 
for Ti-doped B13C2, thermoelectric property of Ti-doped boron carbides has been improved. 
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1. Introduction
Since the rich B boron carbides are the ideal materials to realize the thermoelectricity energy
transformation due to their large Seebeck coefficient, low thermal conductivity and high temperature 
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stability, they have been attracted much attention at present [1-3]. But so far, all obtained R3m boron 
carbides belongs to P-type semiconductor. Much research have been performed to invert the conductivity 
type by doping elements (such as P, Al, Si, Zr) or forming ternary compound of boron carbides [4-6]. 
Wood believed that B9C had the best thermoelectric properties (1273K, ZT = 0.6), and studied the 
thermoelectric property of Mg-doped B9C [5]. These studies showed that some semiconductor parameters, 
for example, Seebeck coefficient and conductance, had changed after elements doping, but all boron 
carbides were still the P-type semiconductor. J. M. An [7] , X. M. Min [8] et al. used a discrete variation 
Xa (DV-Xa) method to calculate the Al and Si-doped boron carbides and found that Al and Si-doped 
boron carbides could develop the thermoelectric property in theory. We calculated the Zr-doped boron 
carbides and found that the solution effect of Zr atom into boron carbides could improve thermoelectric 
property [9]. In the work, B13C2 was chosen as the doped crystal structure, Density Function Theory was 
used to calculate the structure and electronic properties of Ti-doped boron carbide. This paper was 
organized as follows: calculation methods and crystal structures were briefly discussed in Section 2; 
stability and electronic properties of Ti-doped B13C2 were illustrated in Section 3 and conclusions were 
presented in Section 4.  
2 Crystal structures and calculation details 
The first principle calculations based on Density Functional Theory (DFT) were used in our 
calculations with CASTEP code which employed a plane wave-pseudo potential expansion technology 
[10]. The ultra soft pseudo potentials (USPP) were applied to describe the interactions between ionic 
cores and valence electrons [11]. Valence states mentioned in this paper were Ti 3s23p63d24s2, B 2s22p1 
and C 2s22p2. Generalized gradient approximation of Perdew Burke Ernzerhof (GGA PBE) was 
employed as exchange-correlation energy [12]. A kinetic energy cut-off of 300eV was used for plane 
wave expansions in reciprocal space. Energy calculations in the first irreducible Brillouin zone were 
performed using a special k point sampling methods of Monkhorst-Pack scheme and set as [8×8×6], 
which equivalent to 18 k-points for bulk calculations. BFGS optimization method was used to find the 
ground state of B13C2 crystals which both atom positions and lattice parameters were optimized 
simultaneously. Total energy changes were finally reduced less than 2.0×10-6eV/atom, and Hellman-
Feynman forces acting on atoms were converged less than 0.5eV/nm.In order to calculate formation 
energy of these structures, the doped formation energy Efn was defined as Formula (1) [13] 
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Here,  cellCBEtotal 2ˈ13  is the total energy of perfect calculated B13C2 cell;  ,cellCTiBEbinding 213 is the 
binding energy of Ti-doped B13C2 per formula; Eiso(X) represents total energy of isolated atom X; 
)0,( 213 kCTiBHr'  is formation enthalpy of TiB13C2 evaluated at 0 K; Ebinding(X) refers to binding energy 
of X crystal; n is total number of B in TiB13C2 formula contains in crystal; m is total number of C in 
TiB13C2 formula contains in crystal.B13C2 crystal structure in the paper was constructed according to 
experimental data based on ICSD by Will G. et al. [15] and illustrated in Fig.1a. At normal temperature, 
B13C2 belongs to R3 m space group whose group number is 166. Crystal parameters: a=b=0.5618nm, 
c=1.2099nm, Į=ȕ=90°, Ȗ=120°. C atom locates at 6c site with coordinates of (0, 0, 0.3823), B atom 
locates at 3b (0.0, 0.5) and 18h [(0.1074, 0.8926, 0.8862), (0.1628, 0.8372, 0.6416)] respectively. Fig.1b 
shows the calculated primitive cell structure of B13C2, the pink ball is B atom and the dark gray ball is C 
atom. From Fig.1, B13C2 crystal structure can be separated into two parts: C-B-C chain and the 
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Fig 1 Crystal structure of B13C2 
icosahedron formed by B atoms. We used the 2×1×1 supercell as the doped models which had 30 atoms 
in total. The occupation rate of Ti atom was about 3.3 % in the supercell. 
 
 
 
3. Results and discussions 
3.1 Electronic properties of B13C2 
Electron density distribution map is a useful tool to illustrate the bond features of the solid. Because 
B13C2 crystal structure can be divided into C-B-C chain and the icosahedron parts formed by B atoms, its 
electron density map can be divided into two parts: C-B-C chain and the icosahedron. The calculated 
electron density distribution shows that electrons locating near C-B-C chain are denser than those near 
icosahedron regions. It means that C-B-C chain is negative-charged while icosahedron is positive-charged, 
which is consistent with the results of Armstrong et al [15]. The electron density of the calculated 
structures were plotted and combined with population analysis to explain the chemical properties as 
shown in Table 1.  
Table 1 calculation result of the B13C2 induced by Ti doped 
Population analysis results are consistent with the electron density distribution. Negative charge 
carried by C1 and C2 atoms is -0.6e, while positive charge carried by B atom increases to 0.75e in C-B-C 
chain. For C-B-C chain, a negative charge of -0.45e can be easily deduced. The icosahedron formed by B 
atoms (B2, B4, B6, B8, B10, and B12) carries negative charge of -0.04e which located on the poles in the 
icosahedron, while the others carry positive charge of 0.12e. As a whole, the icosahedron carry the 
positive charge, B13C2 is expressed as [C-B-C] İ--[B12] İ+. The calculated value of the B13C2 band gap is -
3.26eV. It is well-known that the band gap is usually under-estimated by using standard DFT calculations. 
We also observed a band across the Fermi surface which was mainly attributed to p band of B atom. Far 
below the Fermi surface (shown as broken lines), the observed flat dispersion bands are dominated 
respectively by 2s bands of C and B. On the other hand, the strong chemical bonds between C and B in C-
B-C chain can be indicated in our calculated, presenting that s and p of B atom and C atom overlap with 
M-X Crystal paramount /nm Bond Length Total energy/eV BE/ eV  
0 a=b=c=0.51754;Į=ȕ=Ȗ=65.7421 - -1325.2011 -7.495 
I a=0.5178,b=0.5480,c=0.5148;Į=64.0883,ȕ=65.1504,Ȗ=64.0894 B-Ti,2.095 -4173.9890 -7.2397 
II a=0.5218,b=0.5213,c=0.5218;Į=63.8920,ȕ=64.0292,Ȗ=63.8917 C-Ti,1.874 -4176.3975 -7.3200 
III a=0.5199,b=0.5213,c=0.5200;Į=66.7397,ȕ=65.9886,Ȗ=66.7397 Ti-B,2.195 -4091.7706 -7.0201 
IV a=0.5221,b=0.5171,c=0.5220;Į=67.0120,ȕ=64.2000,Ȗ=67.0271 C-Ti,1.917 -4173.0699 -7.2091 
Fig 2 Total electron density distribution map. The density 
value is from 0.041 to 2.052 e/A3.
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each other greatly. The conduction band of perfect B13C2 is composed by p band of B atom which is 
consistent with the ordinary chemical theory that electrons prefer to locate near C rather than B atom. 
3.2 Electronic properties of Ti-doped B13C2 
The equilibrium crystal structures and the total energies of doped B13C2 with Ti at different atomic 
positions are listed in Tab.1. After relaxation, the symmetry of the B13C2 crystal cells is undamaged, 
which is helpful to improve the Seebeck coefficient and the electrical conductivity of B13C2. X-ray 
diffraction analysis indicated that the crystal structure of the Ti-doped B13C2 kept unchanged and the cell 
volume decreased slightly [16]. The formation energy is listed in Tab.2. The order of the binding energy 
(BE) of Ti doped in B13C2 is as follows: Model-III > Model-IV > Model-I > Model-II. Base on the data of 
binding energy, we can predict that the model-III should be the most stable crystal structure of all Ti-
doped B13C2 models, the similar results were also obtained in the case of Al and Si-doped boron carbides 
[7, 8].In the case of Model I and Model II, the calculated Ti-B bond length is larger than that in Model III. 
As a result, the strongest covalent bond of Ti-B corresponds to Model III. This is consistent with the 
energy calculation results shown in Tab.1. Based on the above energy calculations, we can predict that it 
is much easier for Ti atom to substitute C atom in C-B-C chain. However, the substitution of Ti for B in 
C-B-C chain or icosahedrons will be suppressed because of less energy gains, just like the results of Zr 
atom doped B13C2 which we have calculated [17]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Fig. 3 depicts the calculated DOS of Model-x(x=1-IV). Each DOS diagram of the models has the 
similar shape because the crystal relaxation structure of Ti-doped B13C2 has the similar shape. Combined 
with Fig.3, it is clearly indicated that Ti atom can be considered either as acceptor or donor in these 
models. When compared PDOS of the doped models with the perfect B13C2 cell, the Fermi surfaces for all 
of the doped models are metallic-like. TDOS peaks near the Fermi level become stronger, especially 
B13C2-II near the Fermi surface. Strong DOS intensities for all of the investigated models are mainly 
attributed to 3d band of Ti atom. This clearly indicates that the conductivity of B13C2 can be modified by 
Fig 3 Total density of states (TDOS) and angular projected density of states (PDOS) of Ti doped B13C2 (a) Model-I (b) Model-II; 
(c) Model-III (d) Model-IV
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Ti doping. 3s and 3p bands of Ti atom are not shown in Fig.3, since their energy levels are far beyond the 
energy scale and simply eliminated here. For perfect B13C2 model (Fig.2a), 2s band of C and B locates at -
15eV and -10eV respectively. These bands are hybridized with p bands strongly [17,18]. The calculated 
PDOS of Model-x(x=II-III) are illustrated in Fig. 4. The main characteristics of the PDOS diagram of Ti-
doped B13C2 models present the metallic features at Fermi surface. Near the Fermi surface, the PDOS is 
mainly attributed to p bands of C and B. Strong covalent interaction can be reduced for B and C as their s 
and p bands are overlapped to each other obviously. In Model I, p band of B dominants the Fermi surface, 
d band of Ti may also important. Below the Fermi surface, a pseudo-gap can be seen in Model I. A 
similar case also occurs in Model III and Model IV. In Model II, d band of Ti shifts to lower energy level 
which is near the top of valence band edge of bulk B13C2 crystal.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig 4 Angular projected density of states (PDOS) of Ti doped B13C2 (a,c,e) Model-II (b,d,f) Model-III (a,b)Ti atom (c,d)C atom 
(e,f)B atom 
Combined with the calculated band structure of the Model-x(x=I-IV) as illustrated in Fig.4, it can be 
seen that the bands for the four doped models are different from each other. When compared the DOS 
profiles of doped structures with that of perfect B13C2 cell, one may conclude that Ti is a donor in the case 
of Model I and Model III, and an acceptor in Model II. One can still observe a very small band gap in 
Model I and Model III. In Model II, it is completely vanished due to the extended states of 3d band of Ti, 
which could enhance the conductivity of Ti-doped B13C2 greatly. As a result, Ti is an acceptor in Model II. 
On the other hand, 2s band of C shows quite different behaviors in different models; it is isolated from the 
other PDOS peaks in Model I and Model II, where Ti is a donor. However, in the case of Model II, 2s 
band of C completely disappears. These results reveal that, the chemical bonding features between C and 
B atoms can be greatly affected by doping Ti at different atomic positions in B13C2 crystal. Fig.5 shows 
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the total electron density distribution maps of Model-x(x=I-IV). The plotted electron density difference 
distribution maps of these models show rather similar contours. The valence electrons are accumulated 
around the core regions of C, B and Ti atom. Covalent bonds can be clearly seen along the bond axis 
among B and C atoms in Fig.5. On the other hand, for Ti doped models, valence electron density 
redistributed, especially near Ti atom. Due to metallic nature of Ti, ionicity of Ti-C and Ti-B bond could 
be expected. The concentration of conduction elections can be greatly improved by Ti doping as the 
electron density value in the interstitial region increases obviously in Model II, III and IV. According to 
atomic population analysis of Model-II and Model-III, it shows negative charge carried by C1 atom 
decreases from -0.6e to -0.49e due to the formation of C-B-Ti chain, while positive charge carried by Ti 
atom increases to 2.95e in C-B-Ti chain. For Model-II, as a whole, the C-B-Ti chain presents positive 
charge (-0.60e+0.75e+2.27e= 3.18e), the C-B-Ti chain can be expressed as [C-B-Ti] İ+. However B atoms 
located at the icosahedron carry -2.58e, icosahedron is expressed as -[B12] İ-. So the B13C2 can be 
expressed as [C-B-Ti] İ+-[B12] İ-.In Model-II and Model-III, compared with Tab.1, both [C-B-C] İ- and [C-
B-Ti] İ+ may react respectively with each other to produce [B12] + and [B12] - during disproportionation 
reaction. The energy barrier of disproportionation reaction decreases in Model II and Model III when 
compared with that of perfect B13C2 crystal and the concentration of the carriers increases. So the polaron 
can transfer through more paths and become easier [18]. This decreases the energy for the 
disproportionation reaction. Furthermore, before doping Ti, [B12]+ can only obtain electrons from [B12]-, 
while after doping, it can obtain electrons both from [B12]- and [B12]İ-. So the mobility of polaron 
increases. As a result, the electric-conductivity is also improved.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig 5 Total electron density distribution of (1 1 1) planes of Ti doped B13C2 (a) Model-I (b) Model-II (c) Model-III (d) Model-IV 
4 Conclusions 
In conclusion, the formation energies and electronic structures of Ti-doped B13C2 were studied by 
using DFT .The calculation results showed that the thermoelectric property of the B12C3 would increase 
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largely after Ti doping. C-B-C chain carries -0.45e, the icosahedron carries the positive charge, B13C2 is 
expressed as [C-B-C] İ--[B12] İ+. It was difficult for Ti to substitute B atom in the center of the chain or in 
the icosahedron. The Model-III, expressed as [C-B-Ti] İ+-[B12] İ-, in which Ti substituted terminal C atom 
of the C-B-C chain, should be the most stable crystal structure.  The bands and density of states (DOS) 
indicate that the coexistence of [C-B-Ti] İ+-[B12] İ- unit makes the electrical conductivity increased. In 
Model-III, the reaction product of [C-B-C] İ- and [C-B-Ti] İ+ chain can react with those of [B12]+ and [B12]-, 
decreasing the energy of disproportionation reaction, which makes the disproportionation reaction occur 
easily. The covalent bond of Ti-B or Ti-C is weaker than that of B-B or B-C. With the electrical 
conductivity increasing and the thermal conductivity decreasing, the thermoelectric property of boron 
carbides is improved in Model-III. 
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